Abstract Precipitation changes the physiological characteristics of an ecosystem. Because land-surface models are often used to project changes in the hydrological cycle, modeling the effect of precipitation on the latent heat flux kE is an important aspect of land-surface models. Here we contrast conditionally sampled diel composites of the eddy-covariance fluxes from the Niwot Ridge Subalpine Forest AmeriFlux tower with the Community Land Model (CLM, version 4.5). With respect to measured kE during the warm season: for the day following above-average precipitation, kE was enhanced at midday by %40 W m 22 (relative to dry conditions), and nocturnal kE increased from %10 W m 22 in dry conditions to over 20 W m 22 in wet conditions. With default settings, CLM4.5 did not successfully model these changes. By increasing the amount of time that rainwater was retained by the canopy/needles, CLM was able to match the observed midday increase in kE on a dry day following a wet day. Stable nighttime conditions were problematic for CLM4.5. Nocturnal CLM kE had only a small (%3 W m 22 ) increase during wet conditions, CLM nocturnal friction velocity u * was smaller than observed u * , and CLM canopy air temperature was 28C less than those measured at the site. Using observed u * as input to CLM increased kE; however, this caused CLM kE to be increased during both wet and dry periods. We suggest that sloped topography and the ever-present drainage flow enhanced nocturnal u * and kE. Such phenomena would not be properly captured by topographically blind land-surface models, such as CLM.
Introduction
Precipitation is a common perturbation that changes the physical and physiological properties of a forest ecosystem. The most immediate effect is the wetting of vegetation and ground surfaces to provide liquid water for evaporation which changes the surface energy partitioning between sensible heat flux H and latent heat flux kE. There is a long history of research into how canopy interception of precipitation modifies the water and energy budgets of an ecosystem (e.g., Kang et al., 2012; Klaassen, 2001; Kume et al., 2008; Moors, 2012; Rutter et al., 1975; Shuttleworth, 2007; Stewart, 1977; van Dijk et al., 2015) . Such changes are important in the modeling of ecosystem process on both local and global scales (e.g., Bonan, 2008; Bosveld & Bouten, 2003) .
Our study uses data from a high-elevation subalpine forest AmeriFlux site (US-NR1) to explore how warmseason rain events (defined as a daily precipitation total greater than 3 mm) affects the above-canopy turbulent energy fluxes of latent and sensible heat. The warm season is defined as the period between complete snowpack ablation and diminished forest photosynthesis (roughly, early June to early October). During this period, almost all precipitation is rain, not snow. Burns et al. (2015) has shown that warm-season precipitation caused changes to the midday latent and sensible heat fluxes on the order of 50-70% at the same subalpine forest that is the focus of the current study. Herein, we extend that work to compare the measured above-canopy sensible and latent heat fluxes to those from a land-surface model, where the model is driven using meteorological and radiation data measured from a tower above the forest. From an analysis of the diel cycle, we evaluate both the magnitude and timing of how the measured and modeled energy fluxes are modified by the presence of rainwater in the soil and on the vegetation (we use the term ''diel'' to emphasize that we are looking at the full 24 h cycle, not only daytime [diurnal] and nighttime analysis of observations (e.g., Betts & Ball, 1995; Burns et al., 2015; Turnipseed et al., 2009) ; however, such techniques have rarely (as far as we have found) been applied to the diel cycle of model output.
Because US-NR1 is in complex, mountainous terrain there are potential issues related to drainage flows and horizontal advection that need to be considered (e.g., Finnigan, 2008) . As a step toward a better understanding of these issues, we have included observations from the Howland Forest AmeriFlux site (US-Ho1) in our study. US-Ho1 was chosen because it has a canopy density similar to US-NR1 but is in a location that is relatively flat compared to US-NR1. Though we do not perform a comprehensive analysis of the US-Ho1 data, we contrast the US-Ho1 and US-NR1 measurements to highlight potential effects of sloping terrain on the measurements and model performance, especially as related to the nocturnal latent heat flux.
Data and Methods

Site Descriptions
Our study uses data from the Niwot Ridge Subalpine Forest AmeriFlux site (site US-NR1; Blanken et al., 1998-present) located in the Rocky Mountains of Colorado. The US-NR1 measurements started in November 1998. The site is on the side of an ancient moraine with granitic-rocky-podzolic soil (typically classified as a loamy sand in dry locations) overlain by a shallow layer (%10 cm) of organic material (Gable & Madole, 1976; Madole, 1969; Marr, 1961; Scott-Denton et al., 2003) . The tree density near the US-NR1 26 m walk-up scaffolding tower is around 4,000 trees ha 21 with a leaf area index (LAI) of 3.8-4.2 m 2 m 22 and tree heights of 12-13 m (Monson et al., 2010; Turnipseed et al., 2002) . The roughness length for momentum z 0m and displacement height d were determined by Turnipseed et al. (2003) to be z 0m 5 1:6 m and d 5 7:8 m. The subalpine forest surrounding the US-NR1 tower was established in the early 1900s following logging operations and is primarily composed of subalpine fir and Englemann spruce west of the tower, and lodgepole pine east of the tower. Though the tower is located in a relatively flat area (slope angle % 4.38), the Continental Divide is 7 km to the west and 600 m higher than the site, which generates a persistent nocturnal downslope wind at the site (Burns et al., 2011) . Further details about US-NR1 site have been documented elsewhere (e.g., Burns et al., 2015; Knowles et al., 2015a; Monson et al., 2002) .
The Howland Forest AmeriFlux site (site US-Ho1; Hollinger, 1996-present) serves as a contrast to the US-NR1 site. The US-Ho1 site is located in a spruce-hemlock forest in Maine with a tree density of around 2,600 trees ha 21 , LAI of 5.5, and tree heights on the order of 20 m (Hollinger et al., 1999) . The landscape at the site can be considered ''rolling hills,'' with a maximum elevation change of less than 68 m within a 10 km area. The US-Ho1 site was chosen because it has a forest of comparable density to that of US-NR1, but without the nocturnal slope flow found at US-NR1 (US-Ho1 also has a long data record, measurements there started in 1996). Further details about the US-Ho1 site are in Hollinger et al. (1999 Hollinger et al. ( , 2004 .
The Community Land Model (CLM)
For our study, the Community Land Model (CLM) version 4.5 (CLM4.5; Oleson et al., 2013) was run in singlepoint mode driven with satellite phenology and 30-min US-NR1 tower observations. The above-canopy tower observations used for model input were: horizontal wind speed U, air temperature T a , relative humidity RH, barometric pressure P, precipitation, and incoming shortwave and longwave radiation. The CLM soil texture was set to a loamy sand (72% sand, 27% silt, and 1% clay), based on a soil sample taken near the tower and analyzed by the Soil, Water and Plant Testing Laboratory at Colorado State University (N. Trahan, personal communication, 2015) . In CLM, the appropriate plant functional type for US-NR1 is a temperate needleleaf evergreen forest. For this plant type, CLM assumes a canopy height h of 17 m, momentum roughness length z 0m of 0.055h, and displacement height d of 0.67h (Oleson et al., 2013) . Modifying the CLM4.5 value for h affected our our results; therefore, we chose a CLM4.5 h that was closer to that of the US-NR1 forest (details are in Appendix A). For ease of comparison, we use the same nomenclature as that of Oleson et al. (2013) , and the symbols and variables used in our study are in Appendix B. Specific changes made to variables or settings for different CLM4.5 configurations used in our study are listed in Table 1 .
Analysis Methods 2.3.1. Categorizing Precipitation
To study the impact of rain on the turbulent fluxes, we followed a methodology that is fully described in Burns et al. (2015) . Briefly, based on 14 warm seasons (1999-2003 and 2006-2014) at US-NR1, days when
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the daily rainfall exceeded 3 mm were tagged as ''wet'' days. We then classified the warm-season days as ''dry days following a dry day'' (dDry days), ''wet days following a dry day'' (dWet days), ''wet days following a wet day'' (wWet days), and ''dry days following a wet day'' (wDry days) where the lower case letter designates the precipitation state of the preceding day. An example of classifying the data in this way is shown in Figure 1 . The summers of 2004 and 2005 were excluded from our analysis because downwelling longwave radiation was not available to use as input to CLM. The number of 30-min samples that were in each precipitation category are listed at the bottom of Table 2 and in Figure 1a . In our discussion, the term ''wet days'' includes both dWet and wWet days whereas the term ''dry days'' includes both dDry and wDry days. In addition to these categories, dDry days with clear skies were designated as dDry-Clear days. For the analysis, days with a similar precipitation state were lumped together and composite diel cycles were created. In the composite diel cycle, we calculated both the mean and standard deviation. The standard deviation represents the amount of day-to-day variability within the diel cycle which we designate as the SD-Bin or variability in our plots and discussion. Within our analysis, the CLM4.5 and measured variables were treated exactly the same-so results come from time periods when the measurements and CLM output both existed.
Categorizing Atmospheric Stability
When examining atmospheric stability near the ground a useful variable is the bulk Richardson number Ri b . Large negative Ri b indicates unstable ''free convection'' conditions and large positive Ri b indicates strong stability. In more stable conditions, less mixing is expected and larger vertical scalar gradients should exist. We calculated Ri b between the highest (z 2 521:5 m, around twice canopy height) and lowest (z 1 52 m) measurement level using
where g is acceleration due to gravity, T a is the average air temperature of the layer, h is potential temperature, and U is the above-canopy horizontal vectorial mean wind speed (i.e., U 5 (u 2 1 v 2 ) 1=2 where u and v Note. The alphanumeric codes in the first column are used throughout the text and figures to specify the configuration used for CLM4.5. The default configuration is ''CLM4.5 A1,'' and a numerical value of ''0'' indicates a single variable has been modified from the CLM4.5 A1 configuration. a ''Obs'' indicates that US-NR1 observed friction velocity u * was used as input to CLM; ''CLM'' indicates CLM4.5-calculated u * was used. ''S-Z'' indicates that the subcanopy stability correction proposed by Sakaguchi and Zeng (2009) was used; ''na'' indicates it was not used.
e The value of the subcanopy turbulent transfer coefficient C s;dense (CLM4.5 default: C s;dense 50:004). 10.1002 are the streamwise and crosswise planar-fit horizontal wind components). In CLM4.5, Ri b is used to determine an initial guess at f and L which are then used to iteratively determine the vertical gradients of wind and scalars (Oleson et al., 2013) .
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As shown by Burns et al. (2011) , in strongly stable conditions Ri b provides an extra 2 logarithmic decades where f is nearly constant. For this reason, we will use Ri b to examine the variables and parameters in strongly stable conditions.
Statistical Evaluation of Results
As will be shown more explicitly in section 3, the focus in this paper is on two specific aspects of the warmseason diel cycle during wet and dry conditions. First, for a wDry day, midday kE was enhanced by Figure 1 . The mean warm-season composite diel cycle of (a) net radiation R net, (b) sensible heat flux H, (c) latent heat flux kE, and (d) precipitation for each precipitation state (dDry, dWet, wWet, and wDry) where the precipitation state for each diel cycle is identified above Figure 1a . For reference, the dDry diel cycle is repeated for all states as a red line. In Figures  1b and 1c , the arrows refer to discussion points within the text. The diel cycle is calculated from 30 min measurements during the warm season for years 1999-2003 and 2006-2014 with the approximate number of days (N) used to create each composite shown in Figure 1a . More information on the measurements, precipitation state, and data compositing are within the text. vations from the measured fluxes, we evaluate CLM4.5 using the following statistics: (1) calculating the mean difference in midday composite energy fluxes on a wDry day compared to a dDry day and (2) taking the difference in nocturnal energy fluxes between 0 and 4 LST for a dDry period compared to a wDry period. Using kE as an example, these statistics will be designated as ''wDry-dDry kE'' in our discussion. These simple statistics will be applied to both the US-NR1 and US-Ho1 measurements and CLM4.5 model output. By using the difference statistics, we are not explicitly comparing the mean values of the observed and CLM4.5 fluxes, but instead checking that the model and observations are responding to precipitation events in a consistent way.
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Air and soil temperatures are readily measured in the field and calculated by CLM4.5, making them useful to evaluate the model performance. At US-NR1, three levels of aspirated air temperature and 11 levels of thermocouple air temperature from near the ground to twice canopy height were measured (Burns et al., 2015) . We compare these tower observations with various CLM4.5 temperatures, which are canopy surface temperature T v , canopy airspace temperature T s , the ''2 m'' level air temperature T 2m , and ground surface T g and subsurface soil temperatures T soil . Because CLM4.5 is a simple single-leaf model, temperatures such as T s and T 2m are attempting to represent an average temperature from many locations where the true temperature may widely differ (e.g., shady versus sunny portions of the canopy). Therefore, the precise vertical location of T v , T s , and T 2m can be a bit vague. In the CLM4.5 manual T 2m is defined as being ''2 m above the apparent sink for sensible heat'' which is defined by the roughness length for heat and displacement height (Oleson et al., 2013) . Since T 2m and T s are usually only separated by an offset, we will often only show T s which should be comparable with air temperature observations within the canopy (at US-NR1, these are the thermocouples or aspirated temperature sensors at 2 and 8 m).
Additional Details
The dDry conditions are likely to provide the most robust comparison for the following reasons: (1) they are the most common precipitation state with approximately 1,148 days (or over 3 years worth of 30 min time periods) available for analysis which provides good statistics and (2) the gap-filling of the fluxes due to sensor problems caused by precipitation are at a minimum in dDry and wDry conditions. For a list of the problems that precipitation causes with eddy-covariance measurements, see van Dijk et al. (2015) .
Our analysis examines the sensitivity of CLM fluxes and temperatures to changing certain variables or parameters within CLM4.5, using the nomenclature and alphanumeric descriptions in Table 1 . For example, ''CLM4.5 A1'' will be considered the default configuration of CLM4.5. The leading letter describes changes to a specific variable (A is default, B is related to f max wet , C is related to u * , and so on). Unless specified otherwise, the CLM4.5 results in our plots are shown as closed or filled symbols and the tower observations are shown as open circles. were not used because the four-component radiometer on the US-NR1 tower was not available, which provided the incoming shortwave and longwave radiation used as input to drive CLM. At US-Ho1, statistics are from years 1996 to 2014. The CLM4.5 results are from US-NR1 for different configurations of the CLM4.5 software as shown by the alphanumeric code listed in column 1 and described in Table 1 . Column 2 has the estimated leaf area index (LAI) for the flux sites or the LAI used by CLM4.5. All R net, H, and kE daytime and nighttime values in the table have 
Results and Discussion
Net Radiation and Turbulent Energy Fluxes
After each day was organized into the precipitation categories described in section 2.3.1, the mean diel cycle of net radiation, the turbulent energy fluxes, and precipitation are plotted side-by-side based on the precipitation state for a given day (Figure 1 ). As one would expect, a majority of the rain occurred during dWet and wWet days (Figure 1d ) when clouds increased and midday net radiation was reduced (Figure 1a ). Our analysis is focused on two main features of Figure 1: Figure 1c) . Numerical values of dDry and wDry kE and H (as well as wDry-dDry) are listed in Table 2 , with other aspects of the effect of precipitation on the composite diel cycle at US-NR1 discussed in Burns et al. (2015) .
In Figure 2 , the CLM4.5 A1 net radiative and turbulent fluxes are compared with the measurements. Because CLM4.5 used the measured incoming shortwave and longwave radiation as input to the model, it is to be expected that CLM4.5 net radiation agrees well with the observations. In general, during daytime, the CLM4.5 sensible heat flux was larger than the observations by anywhere from 50 to 100 W m 22 (Figure 2b) whereas daytime CLM4.5 latent heat flux was similar or smaller than measured kE (Figure 2c ). With the exception of friction velocity, the variability or SD-Bin of the measured fluxes and CLM4.5 were of similar magnitude (supporting information Figure S1 ). However, if we focus on the two items related to kE highlighted in the previous paragraph, we found that CLM did not properly reproduce either the increase in kE on wDry days or the enhanced latent heat flux at night in wet conditions. The CLM4.5 latent heat flux during midday and at night on wDry days was only slightly larger than kE during those same periods on dDry days (for numerical values, see the CLM4.5 A1 entry in Table 2 ).
Components of Latent Heat Flux in CLM4.5
Latent heat flux is a combination of transpiration kE As LAI was increased, the components were affected as follows: (1) transpiration increased, (2) canopy evaporation increased slightly, and (3) ground evaporation decreased significantly. For all three LAI values in Figure 3 , CLM transpiration on a wDry day was similar to that of a dDry day. Therefore, if CLM is going to reproduce the enhanced kE during a wDry day observed at US-NR1, this ''enhancement'' needs to come from the canopy and ground evaporation. For LAI 5 2, we can see that midday kE on a wDry day was larger than on a dDry day due to an increase in ground evaporation within a relatively more open forest (Figure 3a) . The increase in wDry kE qualitatively matches the US-NR1 observations shown in Figure 3b , top, and we will discuss more about the LAI 5 2 results in section 3.3.
Next, we consider kE on the afternoon of wet (dWet and wWet) days in Figure 3 . At these times, US-NR1 kE was decreased relative to dDry kE. For CLM, the reduction in kE on the afternoon of wet days became larger as LAI increased; however, even for LAI 56, the reduction was not as large as the US-NR1 observations. In contrast, the reduction of the CLM transpiration on wet-day afternoons looks qualitatively similar to the kE observations. The lack of diel symmetry in CLM kE implies that the asymmetry in transpiration was offset by higher values of canopy evaporation on wet afternoons (soil evaporation being symmetric about midday). This suggests that the timing and/or magnitude of the CLM canopy evaporation term was problematic.
Another observation from Figure 3 is that at night both the canopy and ground evaporation terms were small (less than 5 W m 22 ), regardless of whether it was a dry or wet period. Soil evaporation is thought to have two stages: one when soil moisture is high and atmospheric demand controls evaporation, and a second stage where the soil surface is relatively dry and diffusion of water vapor through the soil controls surface evaporation (Brutsaert, 1982) . For a crop, it has been shown that soil evaporation doubles when irrigation exists and nighttime evaporation can account for over 10% of daily kE (Tolk et al., 2006) . In Figure  3 , CLM ground evaporation appears to be primarily controlled by LAI and there is little evidence that the existence of liquid water was playing a role in modifying the soil evaporation, especially at night. Furthermore, if soil evaporation is expected to be higher when the soil is wet, one would not expect near-perfect symmetry (around noon) on a wDry day.
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From Figure 3b , we can roughly estimate that the CLM canopy and ground evaporation terms both reached maximum values during midday of wet days, with values of 50-60 and 10 W m 22 , respectively. CLM kE peaked at similar times, at a value of around 150 W m 22 . These values suggest that CLM canopy evaporation and ground evaporation were no higher than 36% and 6% of the total kE, respectively. In a pine-spruce forest of similar LAI to that of US-NR1, Grelle et al. (1997) found that the canopy and soil evaporation components of total kE accumulated over a growing season were %20% and 15%, respectively. Based on these numbers, canopy and ground evaporation should have similar magnitudes, and the CLM ground evaporation seems low.
In the observations, we have assumed that transpiration at night is small. CLM4.5 allows for a small level of nocturnal transpiration (kE t v on the order of 5 W m 22 ), and we will revisit this topic in section 3.8.1. The separation of nocturnal kE into transpiration and evaporation is a complicated problem (e.g., Novick et al., 2009) , and for more discussion about the possibility of nocturnal transpiration at the US-NR1 site see Journal of Advances in Modeling Earth Systems 10.1002/2017MS001248 Turnipseed et al. (2009) . We hypothesize that the topographically induced nocturnal slope flow at US-NR1 resulted in a higher-than-expected nocturnal ground evaporation component (to be discussed in section 4.4).
Sensitivity of CLM4.5 Latent Heat Flux and Temperature to Leaf Area Index (LAI)
As LAI was increased from 2 to 6, we found that dDry midday latent heat flux increased from %133 to 179 W m 22 , while sensible heat flux stayed approximately the same ( Figure 4a1 and Table 2 ). For the midday wDry-dDry fluxes, net radiation was nearly constant with changing LAI, while the kE difference became smaller and went slightly negative as LAI increased ( Figure 4b1 ). This means that the enhancement of kE at midday on a wDry day became smaller as LAI was increased (the observations at the US-NR1 tower suggest that wDry-dDry kE should be 22 W m 22 ). In Figure 4b1 , one can follow the blue dashed line for the observations and see it intersects the CLM wDry-dDry kE at a value of LAI % 2.5. As discussed in the previous section, increased CLM wDry kE for LAI 5 2 was due to increased ground evaporation. While it makes sense that reducing LAI would lead to enhanced midday wDry kE, LAI is a fairly well-constrained variable, and it does not seem realistic to use such a low LAI value for the US-NR1 site. Therefore, we reject the possibility that LAI explains the mismatch in wDry-dDry kE between CLM and the observations.
The midday CLM4.5 canopy air temperature T s was unaffected by increasing LAI, but vegetation surface temperature T v decreased by around 28C and T g decreased by 88C ( Figure 4c1 ). The dramatic decrease in ground surface temperature was, presumably, due to increased shading of the soil surfaces as LAI increased. 
CLM4.5, Ground Evaporation (λE g )
Relative Time [Days] Figure 3. The mean diel cycle of latent heat flux kE separated into dDry, dWet, wWet, and wDry conditions for (a) leaf area index LAI 5 2, (b) LAI 5 4, and (c) LAI 5 6. The red line in each figure is the mean diel cycle for dDry conditions which is repeated for ease of comparison to the results from dWet, wWet, and wDry conditions. (top, middle) kE measured at the US-NR1 tower which has an LAI of around 4. Below that are the CLM4.5 model output which are (from the second to bottom row): total latent heat flux kE; canopy transpiration kE t v ; canopy evaporation kE w v ; and ground evaporation kE g . Other than changes to LAI, CLM uses the CLM4.5 A1 (default) configuration.
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The decrease in CLM T g resulted in a smaller soil heat flux to keep the surface energy budget balanced (results not shown).
At night, the CLM4.5 dDry latent heat flux was very close to the observations (on the order of 10 W m 22 ) and insensitive to LAI changes, whereas net radiation decreased in magnitude as LAI increased and sensible heat flux increased in magnitude to compensate for the R net changes (Figure 4a2 ). For all the LAI values considered, the CLM4.5 nocturnal wDry-dDry latent heat flux was less than 6 W m 22 , much less than the observed value of 15 W m 22 ( Figure 4b2 ). This suggests that LAI does not play a significant role in controlling the nocturnal latent heat flux (in wet conditions). All the CLM4.5 nighttime temperatures decreased by around 1-28C as LAI was increased ( Figure 4c2 ).
Sensitivity of CLM4.5 Latent Heat Flux to Maximum Leaf Wetted Fraction
When water is present on the canopy, the maximum leaf wetted fraction f max wet limits the area of the leaf surface that is wet. A larger f max wet value decreases the portion of the canopy undergoing transpiration and (Table 1) .
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increases the direct evaporation of canopy water. For f max wet 51, the entire leaf is covered in water, which is the CLM4.5 default value. This default setting is unlikely to be appropriate for needleleaf conifers, where rainwater accumulates at the tips of the needles that act as drip points (Moors, 2012) .
For f max wet varied between 0.01 and 1, the CLM4.5 dDry fluxes were only minimally affected, as would be expected in dry conditions (Figures 5a1 and 5a2 ). However, when f max wet was smaller than 0.05, it had a significant effect on the wDry-dDry kE and H fluxes. For the midday wDry-dDry kE difference, the two smallest values of f max wet (0.01 and 0.02) approached the wDry-dDry kE difference of the US-NR1 observations ( Figure  5b1) ; however, these values also tended to decrease the nocturnal wDry-dDry kE difference toward zero ( Figure 5b2 ). As a compromise, we examined the effect of setting f max wet to 0.02 in our analysis (CLM4.5 B0, B1, and B2 in Table 1 ).
After setting f max wet to 0.02, CLM midday kE in wDry conditions ( Figure 6a ) looked qualitatively similar to observed wDry kE (Figure 3b , top). Furthermore, CLM kE on the afternoon of wet days, was reduced (relative to dDry kE), similar to the observations. Transpiration and soil evaporation were relatively unchanged by decreasing f max wet , but the canopy evaporation term was smoother and decreased in magnitude, especially during the afternoon (Figure 6a ). Decreasing f max wet does not change the amount of intercepted water, but it does cause the intercepted water to evaporate at a slower rate, making it more likely for the water to build up in the canopy and drip to the ground (rather than evaporate to the atmosphere).
A good example of the effect of decreasing f max wet on the kE components can be seen in the wDry diel composite shown in Figure 6c . With CLM4.5 A1, there was a sharp increase in the canopy evaporation term at sunrise from near zero up to 40 W m 22 which only lasted a few hours (between around 6:00 and 8:00 MST);
in contrast, for CLM4.5 B0, the canopy evaporation term peaked at around 9:00 MST with a value of 40 value. The CLM results use the CLM4.5 B2 configuration (Table 1) .
W m 22 and the evaporation was spread over a much longer time period, between 6:00 and 13:00 MST. The other CLM4.5 configurations shown in Figure 6c (B1 and B2) will be discussed later, but the important point is that these configurations are second-order effects while the change to f max wet presents a fundamental change to the nature of CLM canopy evaporation. To extend this knowledge further, better knowledge of the true canopy evaporation from the forest at US-NR1 would be required.
A final comment on Figure 6a : it is curious that the midday ground evaporation during dWet, wWet, and wDry conditions was either smaller or only slightly larger than that in dDry conditions. This is suggestive that R net plays a dominant role in controlling the CLM ground evaporation, as opposed to the availability of liquid water. One would expect that an important factor controlling the CLM ground evaporation term is the subcanopy turbulent transport, which will be discussed in section 3.8.
3.5. Atmospheric Turbulence and Latent Heat Flux 3.5.1. Above-Canopy Friction Velocity Mechanical turbulence (characterized by the friction velocity u * ) plays a crucial role in the transport of water vapor between the forest and the atmosphere. At US-NR1, u * generally follows a similar pattern to wind speed at night; however, during the daytime, the buoyancy generated by surface heating enhances u * relative to nocturnal values (Burns et al., 2015) . Observed u * generally agrees well with CLM u * during midday, but at night we found that observed nocturnal u * was at around 0.4 m s 21 while the CLM u * was closer to 0.3 m s 21 (Figure 2d ). Table 1 . For Figures 6a and 6b , the mean diel cycles are separated into dDry, dWet, wWet, and wDry conditions where the red line in each figure is the mean diel cycle for dDry conditions which is repeated for ease of comparison to the results from dWet, wWet, and wDry conditions. CLM4.5 kE is broken down into individual components which are (from top to bottom row): total latent heat flux kE; canopy transpiration kE t v ; canopy evaporation kE w v ; and ground evaporation kE g . In Figure 6c , US-NR1 observed kE is shown in the top figure.
Another way to look at this issue is to examine how CLM and observed u * vary with bulk Richardson number Ri b (supporting information Figure S2 ). In general, it appears that CLM u * has a low-bias relative to the observed u * of around 0.1 m s 21 . Many flux observations sites show a similar u * bias with CLM4.5 (e.g., Bonan et al., 2017) . Because u * is such an important variable, we circumvented this issue by using observed u * as an input to CLM4.5 (see Table 1 for specific configurations). In general, using observed u * increased the magnitude of the nocturnal fluxes (as one would expect). A more quantitative examination on the effect of using observed u * is in section 3.7.3.
Atmospheric Stability Effects on Nocturnal Latent Heat Flux
We used the bulk Richardson number Ri b to examine how modeled and measured kE behaved in strongly stable conditions (Figure 7 ). Here we observe that on wDry days the magnitude of kE was reduced in strongly stable conditions (i.e., Ri b > 0:2). In these strongly stable conditions, CLM kE had many negative 30 min periods, which suggests that there was net condensation on the canopy (not net evaporation). Based on the US-NR1 observations, net condensation (kE < 0) was rare ( Figure  7a ). This becomes more apparent when looking at the Ri b -binned averages in Figure 7b . In strongly stable conditions, even though the ground evaporation term was slightly positive, the canopy evaporation term was negative, which led to CLM kE being slightly negative (on average). One explanation for condensation to dominate the CLM canopy evaporation term would be if the the CLM canopy surface temperature dropped below the dewpoint temperature. A comparison of observed and CLM temperatures is our next topic of discussion.
3.6. Vegetation, Air, and Soil Temperature At midday in dDry conditions, the air within the canopy and near the ground at the US-NR1 site was fairly uniform in temperature and, on average, was %1-28C warmer than the air just-above the forest ( Figure  8a ). This compares fairly well with the midday CLM4.5 A1 temperatures. However, the nighttime temperatures show much less agreement (Figure 8b ). For CLM4.5 A1 at night, the canopy surface temperature T v was around 38C colder than the ground surface and about 0.58C colder than the canopy air temperature T s . Therefore, CLM considers the air within the canopy the coldest location within the forest. In contrast, the US-NR1 observations suggest that the coldest air was just-above the ground surface, and near-ground T a was only %18C cooler than T soil . In a study at an evergreen forest using a thermal IR camera, Kim et al. (2016) showed that the nocturnal canopy skin temperature was typically %28C colder than the nearby air temperature. Recent work with IR cameras at US-NR1 have shown that the nighttime canopy IR and air temperatures are, on average, within about 18C of each other (Aubrecht et al., 2016; Bowling et al., 2018) . This seems similar to CLM T s 2T v ; however, the vertical temperature profiles in Figure 8a clearly reveal that CLM T s was over 28C colder than any level of the US-NR1 tower observations. If CLM was performing correctly, we would expect T s to be closer to observed subcanopy T a .
For nocturnal air temperatures plotted versus Ri b with CLM4.5 A1 (Figure 9b1) , the stronger the stability, the colder the CLM vegetation and canopy airspace temperatures became, such that T s 2T g was on the order of 268C for the highest stabilities (Figure 9b2 ). In contrast, US-NR1 T a measured within the subcanopy airspace appeared to reach a limit within strongly stable conditions, as shown by the 2 and 8 m T a curves leveling off at %48C for Ri b > 0:8 (Figure 9a1 ). Presumably, this was due to the drainage flow forming in strongly stable conditions which increased turbulent mixing of (warmer) air aloft with air near the ground. The cold bias in CLM canopy temperatures and small values of friction velocity appear to be symptoms of runaway cooling, as discussed in the Introduction. In section 3.7.3, we will discuss the effect of using observed u * on the CLM temperatures. 
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In strongly stable conditions, the dewpoint temperature T d measured at the US-NR1 site was %-28C, or 68C below the air temperature ( Figure  9a1 ). The magnitude of this difference was fairly close to the CLM vegetation cold temperature bias, which suggests that the bias was likely contributing to condensation forming on the canopy in CLM (i.e., leading to kE w v < 0).
3.7. Above-Canopy Turbulent Exchange in CLM4.5 CLM4.5 uses Monin-Obukhov Similarity Theory (MOST) to calculate the turbulent fluxes between the atmosphere and the atmospheric surface layer, where the surface-layer fluxes approximate those near the ground (e.g., Businger et al., 1971; Foken, 2006; Panofsky & Dutton, 1984) . To model the turbulent fluxes, MOST utilizes the so-called universal similarity functions. 3.7.1. Universal Similarity Functions One of the primary tenets of MOST is that, under specified conditions, there exists universal functions (/ m ; / h , and / w ) that model the vertical gradients of wind, temperature and humidity, as
where j is the von Karman constant, z is the height above the ground, d is the zero-plane displacement height, and other variables are defined in Table B1 . The universal functions are a function of only a single variable-the dimensionless stability parameter f5ðz2dÞ=L, where L is the Obukhov length (see Table B1 for details). After the form of the universal functions are empirically determined, they can be numerically integrated and the changes in horizontal wind speed and scalars with height in the surface layer can be calculated. Additional details can be found in any standard boundary layer or micrometeorology textbook (e.g., Foken, 2008; Kaimal & Finnigan, 1994) ; for our purposes, we highlight that stability f and mechanical turbulence (represented by the friction velocity, u * ) are two of the primary variables controlling turbulent exchange which affects the degree of mixing that occurs between the ground surface and atmosphere. The fact that u * is part of L is the so-called self-correlation issue with MOST (e.g., Baas et al., 2006; Moene & Van Dam, 2014) . Another possible issue using MOST over a forest exists if the tower measurement level is too close to the surface roughness elements (i.e., within the so-called roughness sublayer RSL), then the standard MOST universal functions can introduce a bias to the modeled canopy-atmosphere exchanges (e.g., Harman & Finnigan, 2007 .
In Table 3 , we list the universal functions used in CLM4.5 separated into different stability regimes. In stable conditions, the universal functions for momentum / m , heat / h , and moisture / w are identical. In unstable conditions, / h and / w are still identical, but the form of / m changes and occurs over a different stability range. The accuracy of the universal functions is typically on the order of 10-20%, with larger uncertainty in strongly stable (i.e., z-less scaling) and unstable (i.e., free convection) conditions (Foken, 2008) . In CLM4.5, the MOST equations are solved iteratively until a convergent solution is achieved (based on changes in vegetation temperature and transpiration being below a certain limit, or after 40 iterations have been carried out). Full details of the CLM4.5 methodology are provided in Oleson et al. (2013) .
Over the years, many different forms of the universal functions have been proposed (see Foken, 2008 for a list of examples). It is natural to wonder how much of an effect the choice of universal function has on the model results. The universal functions that we consider within our study are listed in Table 4 . In Figure 10 , we show the CLM4.5 universal functions (based on the work by Zeng et al., 1998) As shown in the legend, the US-NR1 air temperature T a profile is from 11 levels of thermocouples T tc and soil temperature at 25 cm depth. The CLM model includes temperature estimates of canopy vegetation T v , the canopy airspace T s , and a 2 m air temperature T 2m defined as 2 m above the apparent sink for sensible heat (Oleson et al., 2013) . We show T 2m as the temperature between 2 m z 12 m, and T v and T s are shown between 5 m z 11 m. The approximate canopy top is shown as a horizontal dashed line at z 5 13 m. CLM results are from the CLM4.5 A1 (default) configuration (Table 1) .
nighttime periods have f > 0). H€ ogstr€ om (1988) is only defined up to f 5 1 which is near the peak of the nocturnal f frequency distribution. For f > 1, the form of the universal function is not well understood, and the default CLM4.5 form for / suggests it should increase sharply. However, the work by Handorf et al. (1999) and others suggest that / should be capped at a fixed value within the strongly stable regime. One of our objectives is to test which formulation of / leads to CLM4.5 fluxes that agree best with the US-NR1 measured fluxes. On the unstable side (f < 0), the differences between the CLM4.5 and H€ ogstr€ om (1988) / functions are less dramatic (Figures 10a2 and 10a3) . Sakaguchi and Zeng (2009) in red. For T s 2T g > 0, the S-Z correction (based on the stability parameter S with c50:5) is intended to reduce the value of the subcanopy turbulent transfer coefficient C s;dense . The mean of the S-Z correction factor uses the y axis between Figures b2 and c2. These data are from dDry periods between midnight and 4:00 MST.
CLM4.5 has an internal variable (zetamaxstable, f max stable ) that sets a limit on how large f can become. The CLM4.5 default value is 2 (shown as a dashed vertical line in Figure 10) , and we will discuss the effect of changes to f max stable on the CLM4.5 output in section 3.7.4. 
Note. In the unstable expressions, w m is the diabatic term in the integrated momentum equation. Also shown is the full form of the integrated momentum equation used to calculate the above-canopy mean wind speed V a . The value chosen for the CLM4.5 variable zetamaxstable f max stable strongly impacts u * and the stability parameter f. For the CLM4.5 A1 configuration, a time series of f shows that f was almost always pegged at f max stable 52, which determines the value of the universal function (supporting information Figure S3a ). Here it can also be observed that CLM-calculated u * was smaller than the observed u * at night, as discussed in section 3.5.1. If f max stable was changed to a value of 100, then f became fixed at 100, and u * was very small (CLM4.5 D0; supporting information Figure S3b ). This is a signature of the positive feedback between f and u * at night-where a large value of f reduces the turbulence which then leads to even more stable conditions. By using observed u * we eliminated the possibility of this happening; however with f max stable set to 2 there were still some nights where f was fixed at f max stable (CLM4.5 C0; supporting information Figure S3c ). When observed u * was used and f max stable was set to 100, then the values of f were approximately the same as observed f (CLM4.5 D1; supporting information Figure S3d ). The value of f max stable 5 100 was chosen since this is near the upper limit of observed f (Figure 10b1 ). This example shows the complex interactions between these variables. Figure 10 . The frequency distribution of the dimensionless stability parameter f5(z -d)/L at the US-NR1 site measured at 21.5 m above the ground for (a1) unstable and (b1) stable conditions. These data are from 16 years of tower measurements (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) between June and September. The results are shown as the fraction of the total points for daytime (incoming PAR > 50 lmol m 22 s 21 ) and nighttime (incoming PAR < 1 lmol m 22 s 21 ) periods, as specified in the legend of Figure 10b1 . For the daytime data, 78.7% of the periods are unstable, and for nighttime data, 94.0% of the periods are stable. Below that, the universal similarity functions for (a2, b2) momentum / m and (a3, b3) heat / h and moisture / w are shown as a function of f. The relationships shown are from CLM4.5 (i.e., Zeng et al., 1998) , H€ ogstr€ om (1988) (based on Businger et al. (1971) ), and Handorf et al. (1999) , as specified in the legend of Figure 10b2 . Handorf et al. (1999) is only defined in stable conditions and the / values used outside of the defined f range are shown as dotted lines. In Figures  10b2 and 10b3 , the vertical dashed line is the default value of zetamaxstable, f max stable 52. Note that / h 5/ w for all formulations shown.
3.7.3. Sensitivity of CLM4.5 Latent Heat Flux to Observed u * and Choice of Universal Function We first examine how using observed u * (CLM4.5 C0 or D1) affected the default CLM4.5 A1 fluxes and temperatures (from Table 2 , the results for C0 and D1 were similar so they will be used interchangeably within our discussion). During the daytime, the difference between CLM4.5 A1 and D1 fluxes (Figures 11a1 and  11b1 ) and temperatures ( Figure 11c1 ) were small. This is expected because the CLM4.5-derived and observed u * agree well during the daytime (i.e., Figure 2d ).
At night, using observed u * led to an increase in the magnitude of the net radiation R net as well as the sensible and latent heat fluxes (Figure 11a2 ). This is expected, since increased u * should result in increased turbulent mixing and fluxes. Due to these increased fluxes, the nocturnal CLM4.5 canopy and 2 m temperatures increased by %1.58C (Figure 11c2) . When the CLM4.5 C0 temperatures are plotted versus Ri b in Figure 9c1 , it can be seen that observed u * helped limit the continual decrease in CLM temperature in strongly stable Figure 11 . The changes in (a1, b1) daytime and (a2, b2) nighttime above-canopy energy fluxes as the CLM4.5 configuration is changed. (top) The mean values for dDry conditions and (middle) the mean differences between wDry and dDry conditions where the variables shown are net radiation R net (red), sensible heat flux H (green), and latent heat flux kE (blue). The solid lines with filled symbols are the CLM4.5 output, while the dashed lines with open circles are the US-NR1 tower observations. (c1, c2) The observed and CLM4.5 temperatures are shown as described in the two legends. Using the alphanumeric code described in Table 1 , the CLM4.5 configurations shown from left-to-right are the default A1, which uses the universal function of Zeng et al. (1998) ; D1 which uses observed u * ; D2 which uses the universal function of H€ ogstr€ om (1988); and D3 which uses the universal function of Handorf et al. (1999) (only defined in stable conditions).
conditions in a manner similar to the US-NR1 air temperature (Figure 9a1 ), as discussed in section 3.6. Furthermore, the general shape of the CLM4.5 C0 temperature versus Ri b curves look similar to the curves from the observations. Using observed u * in CLM was a first step toward eliminating the nocturnal cold bias in the vegetation temperature and controlling runaway cooling in CLM. This point emphasizes the importance of modeling the basic turbulence variables, such as u * , correctly.
Using the H€ ogstr€ om (1988; CLM4.5 D2) and Handorf et al. (1999; CLM4.5 D3) universal functions increased the nocturnal temperatures (especially T 2m , Figure 11c2 ) and magnitude of the fluxes even more than CLM5.4 D1. Using observed u * had a larger effect on the CLM fluxes and temperatures than the choice of universal function.
Though using observed u * increased the CLM4.5 A1 nocturnal dDry kE value of 9.5 W m 22 to over 13 W m 22 , there was also a corresponding increase in kE during wDry conditions (see the entries for CLM4.5 D1, D2, or D3 in Table 2 ). Therefore, using observed u * or a different form of the universal function increased kE in both wet and dry conditions, and only produced a wDry-dDry kE value of around 3 W m 22 , rather than the 15 W m 22 from the US-NR1 observations ( Figure 11b2 and Another factor which changes the CLM4.5 fluxes and temperatures is the value of f max stable . In Figure 12 , we examine the effect of systematically varying f max stable between 0.1 and 100. Of course, the daytime CLM fluxes and temperatures were not affected very much (Figures 12a1, 12b1, and 12c1 ). For the nighttime periods, as f max stable was increased, the magnitude of the nocturnal dDry fluxes generally became smaller (Figure 12a2 ) and the CLM4.5 temperatures decreased by %28C (Figure 12c2 ). Also, there was almost no change in the CLM4.5 fluxes or temperature for f max stable > 10. This makes sense if we revisit Figure 10 and realize that only a small percentage of data exist for f > 10.
The purpose of f max stable is to limit the CLM4.5 universal functions in strongly stable conditions. This is, for all practical purposes, exactly what the universal function suggested by Handorf et al. (1999) was designed to do-but instead of putting the limit on f, the modification was made to the universal functions themselves. As we have shown in the time series of supporting information Figure S3 , reasonable values of f can be achieved if u * is accurate. For this reason, it seems more logical to eliminate the use of f max stable in CLM, and instead use a universal function that becomes a constant in the strongly stable regime, such as that proposed by Handorf et al. (1999) .
The other question related to both f max stable and/or a revised universal function is which value of f to use for the cutoff value. It would be logical to have this occur where there is a change in the flow characteristics. In terms of bulk Richardson number, the transition from fully turbulent to stable flow has traditionally been thought to occur at Ri b % 0:25. At the US-NR1 site, Burns et al. (2011) found that, for 0.01 < Ri b < 0.5, there was a nearly linear relationship between Ri b and f, and for Ri b > 0.5, f became nearly constant at f % 1. This suggests that (for US-NR1) the universal function should become a constant at f % 1. This cutoff value agrees well with the universal function of H€ ogstr€ om (1988), which, in stable conditions, is only defined for f < 1 (Figures 10b2 and 10b3 and Table 4 ). Handorf et al. (1999) chose a cutoff value of f 5 0:6 for the stable boundary layer over an Antarctic ice shelf. One would expect this cutoff value to be landscape dependent and a possible range of values would best be determined by comparing results from many sites.
The variation of f max stable shown in Figure 12 is equivalent to changing the f cutoff value for a universal function. Here we can get some idea of the sensitivity of the CLM fluxes and temperature to changing this cutoff value. When the cutoff value was changed from the default value of 2 to 1, the following can be observed: there was a small effect on kE, dDry H decreased on the order of 10-15%, and the CLM temperatures increased by %0.58C (Figure 12) . Though a more focused study may be needed, our initial results suggest that eliminating f max stable from CLM and using the universal function of H€ ogstr€ om (1988) , with a constant universal functions for f > 1, should produce reasonable CLM results. 
where U av is the magnitude of the wind velocity on the vegetation and C s is the turbulent transfer coefficient between the underlying soil and the canopy air. Following Dickinson et al. (1993) , U av is roughly estimated based on the above-canopy friction velocity (i.e., U av 5u Ã ). Because there are wind speed and turbulence measurements within the subcanopy at US-NR1, we will test/validate the U av 5u Ã relationship at the US-NR1 site in section 3.8.3. 
Subcanopy exchange is known to depend on the canopy density profile within a forest (Zeng et al., 2005) . In CLM4.5, C s is calculated from a linear combination of bare-soil C s;bare and dense canopy C s;dense turbulent transfer coefficients, C s 5C s;bare W1C s;dense ð12WÞ;
where W is an exponential function of the leaf and stem-area index. For the US-NR1 site with LAI %4, W is around 0.018 and C s;dense is the dominant contributor to C s . Sakaguchi and Zeng (2009) proposed that C s;dense should depend on the local stability beneath the canopy. This accounts for situations where a dense overstory can lead to a stable understory during the daytime and an unstable understory at night. In extreme cases, such a situation can produce thermotopographic flows within the subcanopy (e.g., Froelich & Schmid, 2006 T s 2T g > 0 ðlocally stableÞ;
where c is an empirical constant (chosen to be 0.5 by Sakaguchi and Zeng (2009) ). S is a stability parameter with a form similar to Ri b, calculated by
where h is the canopy height and u * is evaluated above the canopy (but also represents an average wind speed within the subcanopy airspace, as discussed in section 3.8.3). The upper value of 0.004 for C s;dense was originally proposed by Dickinson et al. (1993) , and it is not entirely clear how that specific value was determined. As discussed by Zeng et al. (2005) , values for C s;dense on the order of %0.04 have been proposed by others (e.g., Bonan, 1996; Lo Seen et al., 1997) . Next, we examine the sensitivity of CLM4.5 output to variations in C s;dense and discuss the appropriateness of the Sakaguchi and Zeng (2009) (Figures 13a1 and 13b1 ) and T v and T s temperatures ( Figure 13c1 ) were generally small. However, as C s;dense was increased from 0.004 to %0.1, the ground temperature T g increased and became very close to the canopy air temperature T s . This implies that larger values of C s;dense increased the turbulent heat exchange between the atmosphere and the ground, warming the soil. During the daytime we have shown that T a within the US-NR1 subcanopy was fairly well mixed, creating a nearly constant T a profile. This implies that increasing C s;dense to the point where T g % T s might be realistic.
The effect of increased C s;dense on the CLM midday fluxes is shown in Figure 13a1 , where dDry sensible heat flux increased at the expense of the latent heat flux. As C s;dense was increased, wDry-dDry kE increased from just-above zero for C s;dense 50:001, to a value of around 70 W m 22 at C s;dense % 0:4 (Figure 13b1 ). This was much larger than the US-NR1 wDry-dDry kE value of %25 W m 22 (shown as a blue dashed line in Figure   13b1 ). This suggests that during a wDry day water was available to evaporate in CLM4.5, but C s;dense set at 0.004 limited this evaporation.
At night, as C s;dense was increased, the wDry-dDry kE difference increased dramatically to %16 W m 22 (for C s;dense > 4) which was just-above the observed wDry-dDry kE value (Figure 13b2 ). While we do not necessarily advocate that C s;dense should be increased from 0.004 to 4 (a factor of 1,000), this example shows that changes to C s;dense can significantly impact nocturnal kE in wet conditions. For increased C s;dense , the CLM4.5 nocturnal air and canopy temperatures all increased, while T g decreased (Figure 13c2 ), suggesting that heat was extracted from the soil and added to the atmosphere. (As discussed previously, the CLM nocturnal temperatures seemed more reasonable using observed u * , so in Figure 13 Journal of Advances in Modeling Earth Systems 10.1002/2017MS001248 observed u * was used.) If we look at the US-NR1 vertical T a profile in Figure 8b , the coldest air was located near the ground which implies that the ground surface was the coldest location, not the canopy as suggested by CLM. From Figure 13c2 , it is clear that C s;dense affects the relationship between T g and T s , and, at C s;dense % 0:4, T s approaches T g .
In order to better understand how C s;dense affected the CLM latent heat flux, the components of kE are plotted in Figure 14 as C s;dense was varied. In dDry midday conditions, there was a decrease in kE as C s;dense was increased due to changes in H (as discussed above, and shown in Figure 13a1 ). The ground evaporation term increased slightly as C s;dense increased from 0.001 to 0.01, and then leveled off for C s;dense > 0:01 ( Figure  14a1 ). However, for midday wDry-dDry, it was the ground evaporation term that contributed most to kE, and the magnitude of the ground evaporation was highly dependent on the value of C s;dense (Figure 14b1 ). At night, the transpiration and ground evaporation in dDry conditions were both at around 5 W m 22 with only a weak dependence on C s;dense (Figure 14a2 ). In wet conditions, the nocturnal transpiration decreased (which is why wDry-dDry for transpiration is negative in Figure 14b2 ), and ground evaporation increased. Similar to the daytime, the magnitude of nocturnal ground evaporation was very sensitive to the choice of C s;dense . 
T a at 21.5 m T a at 8 m T a at 2 m Figure 13 . Similar to Figure 12 , except that the CLM4.5 dense canopy turbulent transfer coefficient C s;dense is varied from 0.001 to 40 (the CLM4.5 default value is C s;dense 50:004). The CLM results use the CLM4.5 F2 configuration (see Table 1 for details), with C s;dense being varied.
For our study, we are conservative, and examine the effect of increasing C s;dense from the default value of 0.004 to 0.01 (i.e., CLM4.5 F0, F1, and F2 in Table 1 ). The value of 0.01 was chosen because it produced a midday wDry-dDry kE value that was close to the observations ( Figure 13b1) ; however, the nighttime data suggest that C s;dense could be increased even further. As discussed by others (e.g., Sakaguchi & Zeng, 2009; Zeng et al., 2005) , the real issue is that C s;dense cannot be assumed a constant and should depend on the conditions at the site. For simplicity and consistency, we have left C s;dense as a constant in our study, but the validity of using a constant C s;dense needs further examination.
Correction of Sakaguchi and Zeng (2009)
For US-NR1, the S-Z correction (equation (7)) does not achieve satisfactory results for reasons we explain herein. First, the subcanopy air (and thus T a ) was, on average, well mixed during the daytime, and the ground surface was directly cooled by longwave radiation at night (Figure 8 ). The S-Z correction was designed for situations where a drastic temperature difference between the canopy and ground exists, which US-NR1 does not have. Second, the S-Z correction did not work well at US-NR1 at night due to the unreasonably cold canopy bias (using CLM4.5 A1) which created very unstable (and unrealistic) conditions in the subcanopy (Figure 9 ). However, even after the CLM temperatures were made more reasonable (e.g., by using observed u * ), the S-Z correction still seems problematic because it was very small in the most stable conditions (Figure 9c2 ).
We also need to consider the magnitude and direction of the S-Z correction. As mentioned by Sakaguchi and Zeng (2009) , the S-Z correction that they proposed is ''conservative.'' On average, the S-Z correction reduced C s;dense by about a factor 0.7 at night (red line in Figure 9c2 ) and 0.6 during the daytime (red line in supporting information Figure S4c2 ). This means that, in general, (Table 1) , with C s;dense being varied.
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the S-Z correction reduced C s;dense from 0.004 to somewhere between 0.0016 and 0.0028. In Figure  13 , one can observe that such changes to C s;dense would lead to very small changes to the CLM fluxes and/or temperatures. Furthermore, as shown in Figure 13 (and discussed in the previous section), it is by increasing C s;dense that significant changes to CLM output occurred. While the value of 0.004 might be appropriate for certain forest types, it does not appear to work well at the US-NR1 coniferous forest site. In short, it should be considered whether 0.004 is an appropriate upper value of C s;dense (or not). For more discussion, see section 4.1. 3.8.3. Relationship Between u * and Subcanopy Wind As part of the subcanopy turbulent parameterization, it is assumed that the wind velocity on the vegetation U av is linearly related to above-canopy friction velocity, i.e., U av 5u Ã . Surprisingly, we could not find any study that checked or confirmed this relationship. This expression was first suggested by Dickinson et al. (1993) and then adopted into CLM4.5. At the US-NR1 site, we used two sonic anemometers located in the mid and lower portion of the canopy to show that the subcanopy mean wind speed U has very little connection to above-canopy u * (supporting information Figure S5 ). If we make an assumption that subcanopy U % U av , then using U av 5u Ã will lead to an overestimate of U av by about a factor of 2 in high above-canopy winds, and an underestimation of U av in low winds. Somewhere in the upper canopy it is possible that U av 5u Ã is appropriate. This is an example of the complexity of flow within a forest canopy and one of the challenges of using a simple big-leaf type of model to represent this complexity.
Air motions in the subcanopy are largely controlled by the canopy-generated coherent structures justabove canopy top (Raupach et al., 1996) and associated pressure fronts (Shaw & Zhang, 1992) . Or, in complex terrain, by the local topography (Burns et al., 2011) . For a big-leaf model, the meaning of U av is difficult to define because the wind velocity varies from some finite value in the forest gaps to zero at the leaf and branch surfaces. This subject goes beyond the scope of the current paper but is a possible future topic of study.
Final Comments and Speculations
Contrasting the Effect of Decreasing f max
wet Versus Increasing C s;dense on CLM Latent Heat Flux We found that increased midday wDry-dDry kE can be achieved by either decreasing f max wet from 1 to 0.02 (Figure 5b1) or by increasing C s;dense from 0.004 to 0.01 (Figure 13b1 ). Modified f max wet increased CLM wDry kE by modifying the timing and magnitude of the canopy evaporation term, whereas modified C s;dense increased the ground evaporation term. In order to better understand any nonlinear or confounding effects of the S-Z correction or using observed u * , we have plotted the kE components for CLM4.5 B0, B1, and B2 in supporting information Figure S6 , and those for CLM4.5 F0, F1, and F2 in supporting information Figure S7 . As discussed in section 3.4, the changes to f max wet nicely reproduced two aspects of the observations: (1) the timing and magnitude of the increase of midday kE on a wDry day and (2) the shape of kE on the afternoon of a wet day (relative to a dDry day). These features remain regardless of the S-Z correction (supporting information Figure S6b ) or the use of observed u * (supporting information Figure S6c ). For increased C s;dense , the increase of midday wDry-dDry kE occurred most strongly when observed u * was used (supporting information Figure S7c ). In addition, for CLM4.5 F0, F1, and F2, kE on the afternoons of dWet and wWet days does not look very much like the observations (i.e., Figure 3b ).
If we only consider a wDry day (Figure 6c) we can see that observed kE between 0 and 4 MST was about 10 W m 22 larger than the dDry value, whereas between 19 and 24 MST kE approached the dDry value. This means that the contribution of evaporation to the enhancement of kE, on average, lasts about 18 h following a wet day (Burns et al., 2015) . This implies that CLM canopy and ground evaporation terms should be higher on a wDry early morning and smaller on a wDry evening. As shown in Figure 6c , the canopy evaporation term behaved that way for the CLM4.5 B1 and B2 configurations. In contrast, for ground evaporation, the magnitude of early morning and evening kE g were almost the same. This, coupled with the fairly symmetric shape of the ground evaporation around noon, suggest that the ground evaporation term in CLM is unrealistic during a wDry day.
As discussed in section 3.8.1, CLM ground evaporation is sensitive to the value of C s;dense . These analyses suggest that the parameterization of subcanopy turbulent transfer (i.e., C s;dense ) and the related S-Z Zeng et al. (2005) . Such a study would determine the site characteristics and atmospheric conditions that most affect C s;dense , as well as whether using a constant value for C s;dense is appropriate.
To examine the effect of changing C s;dense and f max wet at the same time, we included the CLM4.5 G1 configuration in our study (Tables 1 and 2 ). In supporting information Figures S8-S10 , we have repeated Figures 2, 7 , and 8 using the CLM4.5 G1 configuration. From supporting information Figure S9 , it is apparent that CLM kE can be increased in strongly stable conditions. Supporting information Figure S10 shows how the CLM nocturnal temperatures increase by around 1.58C with the G1 settings.
Cumulative Effects of Revised CLM4.5 Parameters
In our study, we have examined 14 different CLM4.5 configurations (Table 1) with the statistics for each configuration shown in Table 2 . Since we have focused on the diel cycle, an obvious question is how different are the long term, cumulative fluxes for these 14 possible changes to CLM. Such knowledge, for example, has implications related to the total amount of water transported from an ecosystem to the atmosphere over a season (e.g., Knowles et al., 2015b) . The far-right-hand column of Table  2 shows (in bold font for kE) the percent difference between the CLM4.5 cumulative water loss relative to the US-NR1 observed water loss over the 2010 warm season (for US-NR1, this was 735.5 MJ m 22 , or around 298 mm of water lost for every square meter of the forest). CLM4.5 A1 with LAI 5 4 had a 2010 warm-season cumulative kE value of 719.5 MJ m 22 , which was 2.2% smaller than the US-NR1 observations. For all 14 combinations, the difference from US-NR1 ranged from 4% lower then US-NR1 to around 4% larger. For the configuration with all variables modified (CLM4.5 G1), cumulative kE was 0.9% larger than the US-NR1 observations. Though our focus is on kE, we note that changes to cumulative CLM H were on the order of 25% different from US-NR1 and more sensitive to the choice of CLM configuration (Table 2 ).
Asymmetry in the Diel Pattern of Latent Heat Flux
Because we are interested in the diel cycle, a close look at Figure 2 reveals that, for dDry conditions, observed R net, H, and kE all peaked just before noon. Burns et al. (2015) showed that the primary reason the observed fluxes peaked prior to noon was due to the common occurrence of afternoon clouds at the US-NR1 site (generated by the dynamics of the mountain-plain circulation). If only days with clear skies were examined, then these variables peak close to noon. While CLM4.5 does a fairly good job on the timing of the peak for R net and H, CLM kE peaks near noon, rather than before noon (Figure 2c ). In Figure 15 , we have separated the dDry diel cycle into periods with any sky condition (left-side figures) and those with clear skies (right-side figures). In Figure 15 , top, we have included the vapor pressure deficit VPD measured at the site along with kE. Here we can see the the peaks in CLM kE and VPD were both at around noon in all-sky conditions ( Figure 15a1 ) and shifted toward around 14:00 MST for clear skies (Figure 15b1) . In contrast, the timing of the peak in observed kE shifted from around 11:00 MST in all-sky conditions to just before noon with clear skies. It seems that the peak in CLM kE follows observed VPD, while observed kE does not. There are several possible explanations for this mismatch in the timing of the CLM kE peak: observed kE is affected by larger-scale atmospheric processes which are unknown to CLM, such as entrainment of dry air at the top of the boundary layer (Betts, 2009; Gentine et al., 2011; van Heerwaarden et al., 2010) or large eddies that impact the near-surface turbulence (Patton et al., 2016) ; or, it could be related to improper modeling of the US-NR1 tree hydrodynamics (e.g., Matheny et al., 2014) .
If we compare the timing of the temperatures peaks in all-sky (Figure 15a2 ) versus clear-sky (Figure 15b2 ) conditions, we can make the following conclusion: the peak in above-canopy air temperature during clearsky conditions was later (at %15:00 MST), the peak in soil temperature (at 25 cm) was relatively unaffected by the sky conditions, the peak in observed 2 m air temperature was shifted to a later time, somewhere between the peaks in T soil and above-canopy T a , and the timing of VPD peaks followed T a . The shift in timing of the above-canopy T a is presumably due to the biomass of the forest accumulating heat when the incoming shortwave irradiance is highest (i.e., on clear-sky days), and then slowly releasing it back to the atmosphere. The CLM4.5 canopy air temperature T s generally followed the pattern of observed T a . However,
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observed T soil peaked at around 13:00 MST, while CLM T soil peaked at around 15:00 MST, suggesting that the CLM soil thermal properties or amount of shading is incorrect. The heat capacity of vegetation biomass and soil is an important consideration to properly balance the surface energy budget (e.g., Lindroth et al., 2010; Leuning et al., 2012) .
The Effect of Sloped Terrain on Latent Heat Flux
CLM4.5 could not simulate the enhanced latent heat flux at night during wet conditions at US-NR1. Our hypothesis is that enhanced nocturnal kE was due to two phenomena: (1) the presence of liquid water, providing a source for evaporation and (2) the ever-present slope/drainage flow supplying additional energy to drive the evaporation.
To explore this possibility, we examined data from the Howland Forest AmeriFlux site (US-Ho1). Howland Forest was chosen because it has a forest similar to that of US-NR1, but with flatter, rolling terrain. The results from US-Ho1 showed that while US-Ho1 has enhanced kE at midday on a wDry day, it did not show increased kE on wet nights (supporting information Figure S11 ). US-Ho1 nocturnal kE was very small for both wet and dry conditions which was similar to CLM nocturnal kE from US-NR1. Though our discussion here is focused on the possible effects of slope flow on kE, we cannot rule out the possibility that the larger LAI at US-Ho1 (US-Ho1 LAI % 5.5 versus US-NR1 LAI % 4) also contributes to a smaller US-Ho1 nocturnal kE. One way to better explore this parameter space would be to look at many sites with a wide range of LAI values and topographic slopes.
Are there features we can examine to highlight something unique about sloped terrain? It is known that the relationship between u * and wind speed depends on the underlying surface type and roughness (e.g., Blanken et al., 2003) . We explored this relationship for both US-NR1 and US- Figure 15 . The dDry warm-season composite diel cycle of (a1, b1) the US-NR1 above-canopy latent heat flux kE and vapor pressure deficit VPD (middle axis) with CLM4.5 kE and canopy transpiration kE 
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Ho1 and found that US-Ho1 (and CLM for that matter) exhibited a nearly monotonic increase in u * with increasing wind speed during midday and at night (supporting information Figure S12 ). At US-NR1, however, nocturnal u * was enhanced for low winds (shown as a ''hump'' at U % 2 m s 21 in supporting information Figure S12b2 ). This, we suspect, is a signature of the drainage flow. At night, CLM-calculated u * shows a monotonic increase with wind speed, as well as the low bias discussed in section 3.5.1 ( Figure S12b2 ). MOST should not be expected to calculate an accurate value of u * during light winds in sloping terrain.
Since we used observed u * as an input into CLM, should that account for the turbulence in the drainage flow? One might expect this, however the turbulence measured above the canopy is not necessarily the same as what is happening near the ground. This is especially true in a slope flow which can be seen in supporting information Figure S5c , where the lowest values of above-canopy u * (<0.25 m s 21 ) led to an increase in the 2.5 m horizontal wind speed U. This provides evidence that what is happening above the canopy is not representative of the ground surface, where drainage winds are likely stronger and promoting surface evaporation. Despite several previous studies related to the horizontal advection at US-NR1 (e.g., Sun et al., 2007; Yi et al., 2005 Yi et al., , 2008 how the drainage flow affects the above-canopy fluxes and how representative the above-canopy flux is of the actual flux at the ground surface remains poorly understood.
Summary and Conclusions
Over a decade of 30 min turbulent flux measurements from just-above a high-elevation subalpine forest at AmeriFlux site US-NR1 were analyzed with a focus on how precipitation perturbed the fluxes on a diel time scale and how well a land-surface model represented these changes. The analysis methodology followed that of Burns et al. (2015) where each day was classified as either wet or dry. From the tower measurements, two results related to the effect of warm-season precipitation on the latent kE and sensible H heat flux were highlighted: (i) for a day following an above-average wet day, midday latent heat flux was enhanced by around 40 W m 22 relative to dry conditions, with a concomitant reduction in sensible heat flux and (ii) in wet conditions, nocturnal latent heat flux increased by about 15 W m 22 relative to latent heat flux in dry conditions ( Figure 1 ).
We used these two features of the measured turbulent fluxes as a framework for testing the Community Land Model (CLM), version 4.5 (Oleson et al., 2013) . Investigation into what controlled CLM latent heat flux necessitated examination of several other aspects of CLM4.5: the maximum permissible amount of water captured by the vegetation, the assumptions and parameterization of the subcanopy turbulent transport, and the MOST universal similarity functions. An additional tool used to evaluate CLM was from a vertical air temperature profile (11 levels), which revealed that CLM nocturnal temperatures had a cold bias of around 2-48C and evidence of runaway cooling (Figures 8 and 9 ). Conclusions from our comparison between the US-NR1 tower observations and CLM4.5 modeled fluxes and temperature are the following:
1. Using the default CLM configuration, midday latent heat flux did not increase for a dry day following an above-average wet day as seen in the observations and described in (i) above (thus, CLM sensible heat flux did not decrease as in the observations). By decreasing the maximum leaf wetted fraction f max wet from a default value of 1 to 0.02 the timing and magnitude of the canopy evaporation in CLM was modified in such a way that CLM was able to mimic the observations described in (i). It also resulted in kE on the afternoon of wet days that looked similar to observed kE. 2. CLM ground evaporation was found to (primarily) be controlled by the subcanopy turbulent transfer coefficient C s;dense . When C s;dense was increased from a default value of 0.004 to 0.01, CLM kE behaved as observed kE described in (i) above (Figure 13b1 ). A comparison of the effect of increasing C s;dense or decreasing f max wet on overall kE suggested that the changes to f max wet were closer to the observed kE ( Figure  6 ). There were also indications that the timing and magnitude of ground evaporation were incorrect (section 4.1), so we conclude that some adjustment to the subcanopy ground evaporation (via modifications to C s;dense ) are needed. 3. The stability correction to C s;dense suggested by Sakaguchi and Zeng (2009) was found to produce small changes in the CLM fluxes and temperature for the US-NR1 site. Furthermore, this correction
Journal of Advances in Modeling Earth Systems 10.1002/2017MS001248 only decreases C s;dense , whereas our results suggest that increasing C s;dense would be justified ( Figure 13 ). 4. The measured and modeled friction velocity u * agreed well during daytime, however, CLM nocturnal u * was %0.3 m s 21 whereas observed u * was %0.4 m s 21 . We circumvented this issue by using observed u * as an input to CLM, which increased the magnitude of the turbulent fluxes and increased the nocturnal CLM temperatures (thus reducing the issue of a cold canopy temperature bias and runaway cooling). 5. CLM nocturnal latent heat flux in both dry and wet conditions was %10 W m 22 (i.e., there was not a large increase in kE during wet conditions, as described in (ii) above). Further investigation found that CLM canopy and ground evaporation at night were both very small (Figure 3 ). Though using observed u * as input into CLM increased nocturnal kE, it did so for both wet and dry conditions. Increasing C s;dense by a factor of 1,000 led to larger nocturnal kE fluxes in wet conditions that approached the observations. Based on a comparison with a forested site in relatively flat terrain (Howland Forest), we hypothesize that the enhanced nocturnal kE at US-NR1 is related to the drainage flow which is not represented within CLM. 6. The comparison with Howland Forest brought to light an important effect of mountainous terrain:
slope-generated drainage flows contribute additional turbulent energy which we speculate promotes evaporation and enhances US-NR1 nocturnal latent heat flux. 7. With regard to the universal similarity functions used in CLM4.5: we suggest that rather than limiting f with the variable zetamaxstable, it would be more appropriate to use a form of the universal function that is constant in strongly stable conditions (as recommended by Handorf et al. (1999) ). For US-NR1, we suggest that the universal function should be constant for f > 1. 8. We tested the portion of the CLM4.5 subcanopy parameterization that assumes a linear relationship between velocity on the vegetation U av and above-canopy u * . We found it generally overestimated U av by about a factor of 2 (supporting information Figure S5 ). 9. In dry conditions, the timing of the diel-cycle peak in CLM kE and soil temperatures were inconsistent with those of the observations (Figure 15 ). In general, CLM kE followed VPD whereas the peak in observed kE was affected by other phenomena (we suspect entrainment at the top of the boundary layer). Also, the peak in CLM soil temperature was several hours later than the peak in observed T soil . 10. From the US-NR1 observations, the cumulative warm-season fluxes suggest that this subalpine forest releases about 300 mm of water and 700 MJ m 22 of sensible heat into the atmosphere. Among the 14 CLM configurations considered in our study, the warm-season cumulative water vapor varied by about 8% and sensible heat by 25%.
Our study describes a method of testing land-surface models for appropriate representation of the diel changes in surface energy fluxes when precipitation occurs. This analysis led to further insight into the measurements as well as pin-pointing areas for future model improvement in forested areas. On the measurement side, improved understanding of canopy temperature, better estimates of soil and vegetation evaporation and interception (especially at night), controls on subcanopy turbulent exchange (e.g., Thomas et al., 2013) , slope flow dynamics (or more comparisons between flat and sloped sites), as well as better estimates of forest and soil physical properties would be useful. On the modeling side, possible improvements and suggested areas for future work are (1) revisiting the subcanopy turbulent parameterization (e.g., Zeng et al., 2005) , (2) taking into account the effect of forest biomass heat capacity on the turbulent fluxes and the surface energy budget (e.g., Leuning et al., 2012) , (3) including modifications to the MOST universal functions that take into account the possibility that the uppermost measurement level is within the roughness sublayer (e.g., Harman & Finnigan, 2008) , and (4) the inclusion of slope-effects and drainage air flows in complex terrain that lead to increased nocturnal turbulence and surface evaporation. Model development will only progress if data from multiple measurement sites with a wide variety of canopy types and forest densities situated in different landscapes are brought together to create better understanding over a wide parameter space. Observational networks such as FLUXNET (Baldocchi et al., 2001) are well positioned to help in these efforts and much work has already been made in this direction (e.g., Abramowitz et al., 2008; Blyth et al., 2010; Bonan et al., 2011 Bonan et al., , 2012 Chen & Zhang, 2009 Our modified version of CanopyTemperatureMod.F90 (along with all other modified programs) are included in a ZIP file as described in Appendix C. The modified version of CanopyTemperatureMod.F90 should be placed in the ''SourceMods/src.clm/'' subdirectory for any particular case where it is to be used.
The effect of varying the canopy height and specifying the observation height of the fluxes and CLM temperatures is shown in Figure A1 . Here the CLM4.5 A1 settings are those described in Table 1 . CLM4.5 with the ''A0'' settings uses the default values of a canopy height of 17 m and an observational height that has been adjusted using the momentum roughness and displacement height, as described in (2) above. In Journal of Advances in Modeling Earth Systems 10.1002/2017MS001248 general, the nocturnal data were more affected than the daytime data by changes to the canopy height, with the changes to nocturnal fluxes on the order of 10-15% ( Figure A1a2 ) and the temperatures changed by around 2 C ( Figure A1c2) . One of the primary reasons for these changes is that the nocturnal values of friction velocity were increased by around 0.1 m s 21 after fine-tuning the CLM forest properties for US-NR1.
Appendix B: Nomenclature Table B1 contains the nomenclature, units, and variable descriptions used within our study. It also includes a list all of the variables relevant to our study measured at US-NR1. In some cases, these measured variables are used as input to CLM. . The A1 column uses the default CLM4.5 settings (see Table 1 ), whereas the A0 column (on the far-right side) uses the default version of CanopyTemperatureMod.F90, as described in Appendix A. Table 3 ) w m , w h , w w 5.36-5.45 Dimensionless Integral of the universal function for momentum, heat, and moisture (see Table 3 (Oleson et al., 2013) are listed. If the variable is measured at the US-NR1 site, then ''Measured'' is included within this same column. Mean values are shown with an overbar ( x ) and turbulent fluctuations from a mean are indicated by a prime (x 0 ); if neither are shown a total or mean value should be assumed.
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